Abstract-The surface of birch leaves contains glandular trichomes that secrete exudates containing flavonoid aglycones. We investigated the biological activities of white birch (Betula pubescens) leaf surface exudates against larvae of the autumnal moth, Epirrita autumnata, a common insect pest of birch. We found that tree-specific mortality (up to 100%) of first instar larvae correlated strongly with the tree-specific contents of surface flavonoid aglycones (r s = 0.905) in emerging leaves. We also found that first instars clearly preferred birch buds from which surface exudates had been removed. In addition, the duration of the first instar was shortened by 29%, and the weights and relative growth rates of first instars improved by 8% and 52%, respectively, as a result of removal of the exudates from their leaf diet. The correlation of tree-specific foliar contents of flavonoid aglycones, especially 5-hydroxy-4 ,7-dimethoxyflavanone, with changes in larval performance, suggests that flavonoid aglycones are responsible for the changes observed in first instar larval performance. The results show that chemical characteristics of birch leaves are effective against neonate E. autumnata larvae. However, the removal of leaf surface exudates from fully expanded leaves did not affect the leaf acceptance for the voracious fifth instars. This is probably a result of reduction in contents of flavonoid aglycones compared to those of emerging leaves.
INTRODUCTION
The leaf surfaces of many plants are covered by various nonglandular and glandular trichomes. Together with their lipophilic exudates (flavonoid aglycones, waxes, terpenes, lipids), trichomes may protect leaves against extensive light, UV-B radiation, and desiccation (Ehleringer, 1982; Karabourniotis et al., 1993; Cockell and Knowland, 1999; Tattini et al., 2000; Juma et al., 2001 ), or they may form the first line of defense against herbivores by entrapping, deterring, or poisoning (Harborne, 1991; Wagner, 1991; Hare, 2002; Zalucki et al., 2002) . For Solanaceae, in particular, trichome exudates are responsible for the mortality of neonate larvae; the removal of exudates using an ethanol solution increase larval survival (Gurr and McGrath, 2002) . In addition, the removal of exudates from the leaf surface increases the consumption rates of neonates (van Dam and Hare, 1998) and their mobility on the leaf surface, shortens the duration of larval development, and even increases pupal weight (Malakar and Tingey, 2000) . In general, the highest mortality of lepidopteran larvae occurs during the first instar (Zalucki et al., 2002) ; such an effect in the first stages of larval development is the most beneficial, since it can dramatically reduce future biomass losses of the plant (Karban and Baldwin, 1997) .
Earlier studies on the mechanisms of birch resistance to herbivores have focused primarily on the role of internal leaf phenolics against larvae of the autumnal moth E. autumnata (Kause et al., 1999a; Ossipov et al., 2001; Haukioja et al., 2002; Henriksson et al., 2003) . In a recent study (Valkama et al., 2003) , we discovered that the leaf surfaces of four Finnish birch species contain flavonoid aglycones, which are secreted by glandular trichomes. In all the species studied, these epicuticular flavonoids peaked in young leaves, with white birch (Betula pubescens ssp. pubescens) containing the highest levels, up to 10% of leaf dry weight (Valkama et al., 2003) . In this study, we investigated the biological activities of birch leaf glandular trichome exudates during the first developmental phase of E. autumnata larvae. One of our aims was to determine whether the performance of first instars differed when fed with exudate-free or exudate-containing leaf diets. A specific goal was to determine the component of the exudate with the strongest effect on first instars and to compare its efficiency with regard to fifth, i.e., last, instars.
METHODS AND MATERIALS
Study Organisms. The autumnal moth [Epirrita autumnata (Borkhausen)] is a polyphagous geometrid moth commonly found on white birch (Betula pubescens ssp. pubescens) and other birch species in northern Europe. It is a destructive pest, especially in northern and high-altitude populations of mountain birch [Betula pubescens ssp. czerepanovii (Orlova) Hämet-Ahti] (Tenow, 1972; Haukioja et al., 1988; Ruohomäki et al., 2000) . The larvae hatch in the spring, simultaneously with bud break, and feed on the young foliage. It is important for the larvae to reach pupation before the rapid decline in the quality of maturing birch leaves (Kause et al., 1999b , Riipi et al., 2002 Haukioja, 2003) .
Pilot Bioassay. We reared larvae of E. autumnata on the leaves of eight individual white birch trees. The experiment was conducted in 2001, at the Botanical Garden of Turku University in Turku, Finland. The phenological stage of each tree was classified at the beginning of the experiment (May 8) based on the amount of green leaf material visible from the bud. Twenty-eight larvae were reared in 48-ml plastic vials with buds/emerging leaves from each study tree. At the beginning of the experiment, the neonates were offered a single bud; to prevent leaf wilting, the buds/leaves were changed every other day. Vials were kept at 20
• C throughout the experiment. We recorded the mortality of larvae for the whole first instar. We collected leaf samples for the analysis of foliar flavonoid content on May 14. Since the experiments were initiated on the same day for all the trees, we were able to study tree-specific dependence of larval mortality on tree phenology and the contents of leaf surface flavonoids.
Cafeteria Experiment with First Instar Epirrita autumnata. In a 24-hr cafeteria experiment, first instar E. autumnata were allowed to choose among control buds and buds from which sticky exudates had been washed away. Ten individual white birch (Betula pubescens Ehrh.) trees growing in the Botanical garden of the University of Turku were chosen, and 24 buds (attached to 5-to 10-cm-long twigs) were collected from each tree. Timing of the cafeteria experiment was April 29-May 7, 2002; bud collection was conducted for each tree, based on the tree-specific phenology, and the phenological stages of the buds were similar for different trees at the time of the experiment.
Twelve of the 24 buds were washed by immersing them in 50 ml of 95% ethanol for 10 sec and subsequently in 50 ml of water for 5 sec to remove traces of ethanol. Excess water was gently removed by placing the leaf between pieces of filter paper. This procedure removed the lipophilic substances-including the flavonoid aglycones-dissolved in the sticky exudates, as shown by the lack of stickiness in the washed buds compared to unwashed control ones, and by the appearance of flavonoid aglycones (detected by HPLC) in the yellow-colored ethanol solution. The other half of the buds was immersed for 5 sec in 50 ml of water only, and the excess water was removed as above; these control buds still contained the lipophilic surface components. The two bud diets were offered to each larva on a Petri dish. First instars of E. autumnata (N = 120), from four different broods of southern Finnish origin, were used in the experiment; each larva received diets originating from a single tree. After 24 hr, we observed which bud the larvae had visited (visible holes in buds or drops of feces beside the bud), and calculated the percentage of buds eaten to determine which diet was preferred.
No-Choice Experiment with First Instar Epirrita autumnata. To test the effects of removal of trichome exudates from the leaf diet on performance of first instars over a longer time-scale, we carried out a bioassay lasting throughout the first instar (29 April-14 May, 2002) . Larvae (N = 128), from four different broods of southern Finnish origin, were fed buds from eight trees. Half received buds from which the surface exudates were washed away, and the other half unwashed control buds (similar diets as described above). One larva and one bud were placed in a 20-ml vial, which was kept under a regime of ambient temperature (daily variation approx. 4
• C-26
• C) and light (approx. 16:8 L:D). Buds were replaced with fresh ones every day until the larvae molted into the second instar. The duration of the first instar and the weight of each larva were measured at the end of the experiment. The relative growth rate of each larva was calculated by dividing log e (final weight of the first instar larva) by the duration of the first instar (in days).
No-Choice Experiment with Fifth Instar Epirrita autumnata. A 48-hr bioassay was conducted to study the effects of the presence/absence of leaf surface exudates, and especially 5-hydroxy-4 ,7-dimethoxyflavanone (which was found most effective against first instars) on the performance of the fifth instars (June 2-4, 2003). We fed larvae with control leaves, leaves from which surface exudates had been washed away, and leaves which had been washed and painted with 5-hydroxy-4 ,7-dimethoxyflavanone at a level of 10 mg/g leaf dry weight (for practical reasons this is not possible to do with buds or very young, wrinkled leaves consumed by first instars). This level was chosen because it is higher than the average content of this compound (identified as Flavanone in Valkama et al., 2003) at any stage of the growing season (contents vary from 4.2 to 1.4 mg/g during the leaf development, Valkama et al., 2004) . The painted compound was dissolved in 90% acetone, and known volumes were painted onto the surface of fresh birch leaves (originating from a single white birch growing in the Botanical Garden) to approximate the desired content. The washed controls were painted with 90% acetone only. Details of the painting procedure have been described by Salminen and Lempa (2002) . The only exception to the method was that before painting the leaves were washed with 95% ethanol, as in the cafeteria experiment with the first instars, to remove the flavonoids on the birch leaf surface. We used 24 larvae of E. autumnata, from four different broods of southern Finnish origin. Eight larvae were randomly allocated to the leaves of each treatment. Larvae and leaves were placed in 20-ml vials at 15
• C and approx. 16:8 L:D. The bioassay was a no-choice experiment: larvae were placed individually in vials and received only one type of food. Leaves were replaced after 24 hr. The initial and final weights of the larvae were measured for the calculation of growth during the experiment.
Bud and Leaf Sample Preparation. Samples (buds or leaves) were collected at the beginning of each bioassay to monitor the foliar phenolic composition of the experimental trees. To analyze the lipophilic phenolics, freeze-dried buds and leaves were extracted ×3 for 1 hr, with 95% ethanol (3 × 3 ml). All extracts were filtered through 0.45 µm PTFE filters (Titan PTFE, 13 mm i.d., Scientific Resources Inc., USA) before analysis.
HPLC-DAD Analyses. Extracts were analyzed with HPLC-DAD at 280 and 349 nm. The HPLC system (Merck-Hitachi, Tokyo, Japan) consisted of a pump L-7100, a diode array detector L-7455, a programmable autosampler L-7250, and an interface D-7000. Column and chromatographic conditions were as described earlier (Salminen et al., 1999) , except that 0.1 M H 3 PO 4 was replaced with 0.05 M H 3 PO 4 . Lipophilic flavonoid aglycones were identified on the basis of their UV and mass spectra and retention times as reported in the literature (Valkama et al., 2003) , and quantified (absolute amounts) as acacetins (flavonols and flavones) or naringenins (flavanones).
GC-MS Analyses. The leaf extracts of the no-choice experiment with the first instars were also analyzed with the GC-MS. For the analysis of lipids and fatty acids, 4 ml of ethanol extract of each tree were evaporated under nitrogen flow to dryness. Dry residues were dissolved with 3 ml of chloroform/methanol (2/3), and 50 µl of internal standard (nonadecanoic acid methyl ester, 2 mg/ml in chloroform solution) to which 60 µl of sulfuric acid were added. After methylation of fatty acids and transmethylation of lipids (100
• C, 4 hr), samples were cooled, and sulfuric acid was extracted ×4 with 4 ml of water. The chloroform fraction was evaporated under nitrogen flow to dryness, the residue was dissolved to 100 µl of mixture chloroform/pyridine (1/1, v/v), and lipophilic compounds, other than fatty acids, were trimethylsilylated by adding 100 µl of N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA, Sigma).
Because of the possibility that the methylation procedure could cause the loss of some phenolics, terpenoids, or steroids, extracts were also analyzed directly trimethylsilylated. For these GC-MS analyses, a 2-ml sample of ethanol extract of each tree with 25µl of internal standard (nonadecanoic acid methyl ester, 2 mg/ml) was vacuum dried and trimethylsilylated. Dry residues were dissolved in 50µl of mixture pyridine/chloroform (1/1, v/v) and 50µl MSTFA with 5% trimethylchlorosilane as a catalyst (Sigma-Aldrich) and incubated for 1 hr at 50
• C and 24 hr at room temperature.
Derivatives of lipophilic compounds were analyzed with the Perkin-Elmer Autosystem XL/TurboMass Gold GC-MS system (Norwalk, CT, USA). MS was used in the electron impact mode (EI + ); the data acquisition scan time was 0.45 sec and the scan range from 50 to 620 m/z. The column was a Perkin-Elmer capillary column (PE-5MS, 30 m, 0.25 mm i.d., film 0.25 µm), and helium was used as a carrier gas with a flow rate 1.0 ml/min. The injection volume was 1.0 µl, and the split ratio was 20:1 for fatty acids, and 2.0 µl and 15:1 for trimethylsilylated samples. For fatty acids, the initial temperature of the injector was 280
• C. The oven temperature was programmed as follows: initial temperature 75
• C (2.0 min) followed by a temperature increase of 5
• C/min up to 250 • C; this was held for 25.0 min, then 15
• C/min to final temperature 290 • C, held for 15.0 min. Total run time was 80 min. For the trimethylsilylated samples, the initial temperature of the injector was 300
• C, and the inlet line and the MS source were held at 310 and 200
• C, the correspondingly. Oven temperature was programmed as follows: initial temperature 110
• C (2.0 min) followed by temperature increase of 4 • C/min up to 260
• C, and then 1.5
• C/min to final temperature 310 • C, which was held for 17.17 min. Total run time was 90 min. Compounds were quantified relatively (peak area/g dryness) by normalizing the intensity of individual ion traces to the response of the internal standards and to 1 g of plant leaf dry weight. Correlations with the absolute amounts obtained from the HPLC-DAD method were high.
Isolation and Identification of 5-Hydroxy-4 ,7-Dimethoxyflavanone. To isolate a previously unknown white birch leaf flavanone with a high-positive correlation with the mortality of first instar E. autumnata larvae, for structural elucidation, a large amount of freeze-dried white birch buds (10 g) was extracted with 95% ethanol. The evaporated extract was dissolved in petroleum ether and fractionated on a silica column (10 × 2.0 cm i.d., 70-230 mesh, 60Å) with 50-ml fractions of petroleum ether containing increasing amounts of ethyl acetate. On the basis of HPLC-DAD analysis, the flavanone was detected in the second fraction, which was eluted with 20% ethyl acetate in petroleum ether. The fraction was further purified with a Merck LiChroprep preparative RP-18 column (44 × 3.7 cm i.d., 40-63 µm) using a step gradient of CH 3 CN (from 5 to 70%) in H 2 O to yield the pure compound.
NMR-spectra were acquired using a Bruker Avance 500 spectrometer (equipped with a BBI-5mm-Zgrad-ATM probe) operating at 500.13 MHz for 1 H and 125.77 MHz for 13 C. Spectra were recorded at 25
• C using acetone-d 6 as a solvent. Proton and carbon spectra were referenced internally to the TMS signal using a value 0.00 ppm. In addition to standard proton and carbon spectra, the 2D gradient selected DQF-COSY, HSQC, and HMBC spectra were also measured.
Statistical Analyses. We analyzed the preference of first instars in the cafeteria experiment with χ 2 test (proc FREQ, SAS Inc., 1996) . The growth parameters of the first and fifth instars were analyzed with analysis of variance (Proc GLM, SAS Inc., 1996) . In the analysis of the fifth instars, the change in larval weight during the experiment (growth) was used as the dependent variable, with initial larval weight as covariate. The assumptions of analysis of variance, normal distribution of residuals, and homoscedacity of treatment variances were tested with Kolmogorov-Smirnov test and Levene's test, respectively.
RESULTS AND DISCUSSION
Pilot Bioassay. In a preliminary bioassay, 28 neonate larvae per tree were reared on young white birch leaves, and mortality during the first instar was recorded. Tree-specific mortality during the first instar displayed large among-tree variation (from 36 to 100%), being highest in trees with the least advanced phenology, i.e., with the youngest leaves (r s = 0.901). In mountain birch, young leaves are nutritionally superior to older ones because of declining concentrations of water and amino acids (amino acid contents decrease from buds to senescing leaves from 200 to 44 mg/g) (Riipi et al., 2002) . However, our results suggest that in the case of opening buds, leaf defenses peaking in young leaves override the possible differences between trees in the nutritive value of emerging leaves. Interestingly, tree-specific larval mortality correlated strongly positively (r s = 0.905, P < 0.002) (Figure 1 ) with the content of tree-specific levels of flavonoid aglycones. Because of the strong correlation between flavonoid aglycone content, larval mortality, and tree phenology (data not shown), we attempted to establish a causal link with a more detailed experimental approach.
Effects of Leaf Surface Exudates on the Performance of First Instar
Epirrita autumnata. In the cafeteria experiment, 120 larvae of first instars were allowed to choose for 24 hr between control buds and buds from which the surface exudates had been washed away. After that time, 63% of the larvae were found eating the washed bud ( Figure 2a) ; none of these larvae left visual evidence (a hole in the bud or feces beside the bud) of biting the control bud. While only 23% of the insects were found eating the unwashed control bud, 13% did not choose either diet. These findings suggest that E. autumnata larvae prefer buds from which the lipophilic exudates have been removed.
In the no-choice experiment lasting throughout the first instar, we found that the duration of the instar was shortened by 29% following removal of exudates from the diet (Figure 2b ). This shortening of instar duration indicates more rapid growth for larvae fed with exudate-free buds than for larvae fed with control buds. The superiority of washed leaves over unwashed ones also in terms of weight and relative growth rates (RGR) of first instars demonstrated the significance FIG. 2 . Differences in the performance of first instar Epirrita autumnata larvae feeding either on a control (unwashed leaves) diet (grey bars) or on a diet from which surface exudates had been washed away with 95% ethanol (white bars). (A) Distribution of larvae on control and washed buds in the cafeteria experiment after 24 hr, N = 120 [16 larvae (13%) did not choose either of the diets]; (B) duration of the first instar; (C) larval weights in the end of the first instar; (D) relative growth rates during the first instar on different diets, N =128. Statistically significant differences: * * P < 0.01; * * * P < 0.001.
of exudate removal (Figure 2c-d) . The weights and relative growth rates of the first instars improved by 8 and 52%, respectively, as a result of the removal of the exudates. Furthermore, since immersing the leaves in ethanol resulted in the removal of exudates but not of glandular or nonglandular trichomes (E. Valkama, unpublished scanning electron microscopy data), it is evident that the exudates, not the trichomes per se, were specifically responsible for the negative effect on the performance of E. autumnata consuming the control diet.
Finding the Active Component of the Exudate Against First Instar Epirrita autumnata. Since birch leaf trichomes may secrete other types of compounds besides flavonoids, for example, essential oils (Inki and Väisänen, 1980; Isidorov et al., 2004) , the potential causal role of flavonoid aglycones was examined in more detail. We, therefore, correlated changes in the mean RGR and the mean duration of the first instar from tree to tree due to the presence/absence of surface exudates, to determine whether the magnitude of these changes correlates with tree-specific levels of flavonoid aglycones or other lipophilic substances detected with HPLC-DAD or GC-MS.
Flavonoid aglycones seemed to represent the factor that decreased the development rate of first instars, because we found that the richer in flavonoid aglycones the leaves were, the more washing them away improved larval performance (Figure 3 ). The content of total flavonoid aglycones in leaves, which were fed to first instars, varied between 52 and 101 mg/g. To identify the most active flavonoid aglycone among the 18 individual compounds studied (15 of which were the same compounds as reported in Valkama et al., 2003) , their contents, analyzed with HPLC-DAD, were separately correlated with RGR and instar duration. The r values varied between 0.15 and 0.85 with RGR and between −0.07 and −0.93 with instar duration. In both cases, the strongest correlations were related to the same aglycone. This compound was isolated from the leaf surface exudate, and identified on the basis of NMR results as 5-hydroxy-4 ,7-dimethoxyflavanone. The positions of the methoxy groups were unequivocally determined by the HMBC spectrum. The carbon chemical shifts agreed well with those reported by Rossi et al. (1997) .
To study the possible defensive activity of surface compounds other than flavonoid aglycones, similar correlations between larval performance and concentrations of lipophilic compounds detected by GC-MS were computed. Only weak correlation values were found for concentrations of individual fatty acids or for their total content (for individual compounds the r values for concentration vs. RGR varied between 0.01 and 0.20, and for concentration vs. duration of the first instar between −0.02 and −0.10). In the samples, which were only trimethylsilylated, we found 140 compound peaks that belong to groups of terpenoids, steroids, hydrocarbons, fatty acids, and flavonoid aglycones (Ossipov, unpublished observations) . However, strong correlations were found again between concentrations of flavonoid aglycones and RGR or instar duration as in the HPLC-measurements, in addition to that between RGR and the contents of two long-chain hydrocarbons.
Effects of Leaf Surface Exudates on the Performance of Fifth Instar Epirrita autumnata. As in the first instar experiments, the fifth (i.e., last) instars were also fed with control leaves and leaves from which the exudates had been washed away. However, when larvae are in their fifth instar, leaves are almost full-grown, and, therefore, have greatly reduced contents of trichome-exuded flavonoid aglycones (average value 20 mg/g dw) compared to those of newly flushed leaves (average value 70 mg/g) (Valkama et al., in press ), on which neonate larvae fed in the FIG. 4 . Growth of fifth instar Epirrita autumnata larvae feeding either on unwashed control leaves (A), 95% ethanol washed leaves (B), or 95% ethanol washed and 5-hydroxy-4 ,7-dimethoxyflavanone painted leaves (C). Bars show mean ± SE; N = 8, 7, and 7 in different treatments.
no-choice experiment. Accordingly, we found no significant differences in the performance of fifth instars between the two diets ( Figure 4) . Fifth instars were also fed leaves with artificially enriched levels (10 mg/g dw) of 5-hydroxy-4 ,7-dimethoxyflavanone to study the possible toxic effects of this compound, which was the most defensive against first instars. Despite the effects on growth and instar duration of neonates, fifth instars did not grow significantly more poorly than larvae fed on control or washed leaves. These findings suggest that surface flavonoid aglycones in fully expanded birch leaves do not form a barrier against fifth instars, and this is probably a result of considerable reduction flavonoid aglycones through leaf development.
Ecological Implications of the Observed Effects of Leaf Surface Exudates on Epirrita autumnata. The observed strong effects of surface exudates on the preference and performance of first instar E. autumnata on white birch offer a new component for our understanding of birch defense against herbivores. The strong preference of first instars for washed buds suggests that surface exudates have the potential to repel neonates (for other lepidopteran species see van Dam and Hare, 1998) . The exudates provide two direct defenses for birch. First, the sticky surface of young leaves limits feeding by neonates; second, exudates reduce the growth rate of first instars. These negative effects on growth and developmental rate in turn may be beneficial to birch for two reasons. First, larval development may not be able to keep pace with the development of a birch leaf. This forces the larvae to consume relatively old and low-quality leaves, which in turn may reduce larval growth and leaf consumption (Haukioja, 2003) . Second, prolonged development may make the larvae more vulnerable to parasitoids (Kaitaniemi and Ruohomäki, 1999) . Our results imply that these defenses can occur at foliar flavonoid aglycone levels higher than 60 mg/g (Figure 3 ). The total content of surface flavonoids on buds or very young white birch leaves varied between 50 and 100 mg/g, with a mean content of 80 mg/g, which clearly exceeds the determined defensive level of these compounds.
